The 3D structure of bacteriorhodopsin (bR) 
INTRODUCTION
Bacteriorhodopsin (bR) is a light-driven proton pump from Halobacterium salinarum. It assembles into naturally occurring 2D crystalline patches known as purple membrane (PM) in which its trimeric unit is hexagonally packed (1-7) to form PM under physiological conditions. Many integral membrane proteins in the membrane environment are also known to assemble into oligomeric complexes rather than monomers to lead to tertiary and quarternary structures as revealed by x-ray diffraction or cryo-electron microscope studies. This has been demonstrated for chloride pump halorhodopsin (8, 9) , phototaxis receptor sensory rhodopsin II (10) (11) (12) , a photosynthetic reaction center (13) , a light-harvesting complex (14, 15) , cytochrome c oxidase (16, 17) , potassium and mechanosensitive channels (18, 19) , bovine rhodopsin (20) , the calcium pump of sarcoplasmic reticulum (21) , etc. This is because the conformation and dynamics of such membrane proteins as determined by x-ray diffraction or cryo-electron microscope studies are mainly regulated by specific lipid-protein and protein-protein interactions with the surrounding lipids and neighboring proteins as structural determinants, especially those leading to a 2D assembly in bR (22) .
Nevertheless, the surface structure data of many such proteins, including bR, are still missing, either obscured or inconsistent, among a variety of 3D structures as revealed by cryo-electron microscopy and X-ray diffraction studies (3) (4) (5) (6) (7) . These could be biologically very important, providing information on the transport and signal transduction of these proteins. In addition, it appears that such biological activities are retained also in a monomeric form present as solubilized in detergents or reconstituted in lipid bilayers, rather than in a crystalline or oligomerized form. Indeed, the functional unit of bR, as a naturally occurring 2D crystal as PM which is responsible for the 3 photocycle, is the monomer itself (23) (24) (25) . However, the lifetimes of the L and N intermediates are significantly shorter than in the monomer (26,27). Therefore, a plausible conformation and dynamic change during conversion from the 2D crystal to an instantaneous monomeric structure may also play an important role for its biological activity.
The site-directed 13 C NMR approach on selectively 13 C-labeled membrane proteins from either the 2D crystalline state or the monomer turn out to be a very valuable, alternative means revealing conformational features as well as the dynamics of whole areas of fully hydrated proteins at ambient temperature. This includes the surface residues arising from both the N-or C-terminal residues as well as the interhelical loops.
We briefly describe here the surface and dynamic structures of fully hydrated bR in the 2D crystal. The distorted or disrupted lattice can be evaluated with respect to its relation to its biological function, as revealed by site-directed 13 C NMR. Understanding of such pictures is crucially important, as a reference, for interpretation of the 13 C NMR data on a variety of membrane proteins reconstituted in lipid bilayers.
SITE-DIRECTED 13 C NMR APPROACH ON BR FROM 2D CRYSTAL
X-ray and cryo-electron microscopic studies have yielded considerable structural information about the intramembrane portion of bR but little is known about the disposition of the loops and the N-or C-terminus (2-7). The transmembrane α-helices thus obtained are shown in the boxes as demonstrated in the schematic representation of the primary structure of bR taking into account its secondary structure ( Figure 1 ) (3, 5) .
The remaining portions are flexible enough to allow a variety of fluctuation motions with various ranges of correlation time from 10 -4 to 10 -9 s (28-32). This is because some 3D crystal packing of bR may limit the conformational flexibility of the loops, while the surface in the 2D crystals is not hindered by 3D contacts (33,34).Therefore, a number of fully hydrated membrane proteins of biological relevance are far from rigid bodies even in a 2D crystal or monomeric state, at least at ambient temperature.
Appropriate isotopic enrichment (labeling), as high as possible approaching to 100 %, is essential for solid-state 13 C NMR studies of membrane proteins, in order to enhance both the sensitivity and the selectivity of their labeled signals from the background signals arising from residues of natural 13 C abundance. However, it is cautioned that 13 The presence of the picosecond internal motions of the fully hydrated bR/lipid complex was also revealed by neutron scattering studies (37). It appears that the above-mentioned N-or C-terminal residues, rather than the major transmembrane α-helices, are responsible for such fast thermal fluctuations detected by the neutron diffraction. These are from small-amplitude atomic and molecular vibrations up to large-amplitude stochastic reorientational motions of the molecular subunit, which are not hindered by any crystal contacts. Indeed, water molecules "lubricate" such picosecond motions and the light-triggered micro-to millisecond tertiary structural changes of the protein (38). In addition, the lipids and their ability to attract solvent molecules play an important role in producing such hydration-induced flexibility. Thus, 
SITE-DIRECTED ASSIGNMENT OF PEAKS
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A specific peak, with reduced 13 C peak-intensity, from a site-directed mutant, in which an amino-acid residue is replaced by another residue, can be assigned to the residue of interest with reference to that of the wild-type. Here, we assume that any additional spectral change owing to an accompanying conformational change can be neglected.
For instance, the Ala C β In many instances, however, more complicated spectral changes could be induced in the difference spectrum between the wild type and the site-directed mutant. 
RESIDUE-SPECIFIC DYNAMICS OF BR IN 2D CRYSTAL
Surprisingly, the 13 
The relative contributions of the 13 C NMR signals from the surface areas (I 0 -I) can be defined as residues located within 8.7 Å from the membrane surface (44), because these 13 C NMR signals from the residues within these areas can be completely suppressed (giving rise to a line width larger than 100 Hz) by the accelerated transverse relaxation process caused by the Mn 2+ ion (42,43) (see Table I ). Alternatively, the proportion of such residues near the surface (8.7 Å from the membrane surface; see the gray area in Figure 1 ), g, can be easily counted by examination of the primary sequence of bR taking into account its secondary structure (see Figure 1 ),
where n and n 0 are the number of residues concerned located within such areas (gray areas in Figure 1 ) and the total number of residues, respectively. If f = g, there are no NMR peaks from the helix G'(see Figure 1 ). This applies to the above-mentioned conformation-dependent To make proton uptake efficient during the photocycles, the following surface structure is proposed: the C-terminal α-helix of the wild type at ambient temperature is tilted toward the direction of the B and F helices. This facilitates efficient proton uptake by preventing unnecessary fluctuations of the helices. Such a surface structure, however, is destabilized in that the C-terminal α-helix is straightforwardly extended from the helix G at low temperatures or in an M-like state (54). This view is consistent with the previously published data for the "proton binding cluster" consisting of Asp 104, Glu 166 and Glu 224 (55-57).
It is interesting to note that the role of such a C-terminal α-helix is more important for pharaonis phoborhodopsin (ppR) than bR for the sake of stabilization of the 2:2 complex formation with its cognate transducer (pHtrII) through interaction with cytoplasmic α-helices protruding from the cytoplasmic surface, besides the mutual interaction at the transmembrane α-helices (58,59). As a result, such a C-terminal helix is made visible by x-ray diffraction as a result of complex formation with pHtrII (60).
MILLISECOND OR MICROSECOND MOTIONS IN 2D CRYSTAL OF BR
To our dismay, we found out that several 13 C NMR peaks of certain amino-acid residues could be suppressed depending upon their sites, and the manner of sample preparation when the 13 C NMR spectra of fully hydrated bR were recorded at ambient temperature.
Thus structural information from such sites could be obscured. Therefore, closer examination of such suppressed signals obviously provides an unrivaled means to evaluate the presence and location of millisecond or microsecond motions for such sites. . In such cases, the overall relaxation rate 1/T 2 C can be dominated by the second or third terms given in equation (3) instead of the first term which is applicable to the static component,
where (1/T 2 C ) S is the transverse component due to static C-H dipolar interactions, and This kind of dynamic picture, however, has never been seriously taken into account for the data available at cryo-temperatures.
INDUCED PROTEIN DYNAMICS OF BR IN A DISTORTED OR DISRUPTED LATTICE
It is noteworthy that the 13 Figures 4C and D) . This is obviously caused by acquired low-frequency fluctuation motions (10 5 Hz) in the absence of the helix-helix contact due to a disrupted 2D crystalline lattice (see Figure 3 ) interfering with the proton decoupling frequency (61) . Therefore, the backbone dynamics could be modified when the 2D lattice assembly is similarly distorted or disrupted, as in bacterio-opsin (bO) prepared from either hydroxylamine-treated bR or the retinal-deficient E1001 strain in which the helix-helix interactions are substantially modified due to lack of retinal (64). The same applies applies to W80L or W12L mutants in which the side chain of one of two Trp residues, which is oriented outward from the transmembrane α-helices at the interface of the lipid-protein interaction, is absent (64). Therefore, very similar spectral changes are induced for the 13 C NMR spectra of [3- It is also interesting to note that the 13 C NMR peak of the C-terminal α-helix was displaced to low frequencies due to the disrupted cytoplasmic complex owing to the removal of salt bridges and metal ions. Consequently, such a surface structure is stabilized when blue membranes are prepared by either complete removal of surface-bound cations (deionized blue) or the neutralization of surface charge by a lowered pH to 1.2 (acid blue) (35). As a result, the accompanying low frequency motions lead to suppressed 13 C NMR signals from the loop. Partial neutralization of the Glu and Asp residues at the extracelular side such as E194Q/E204Q (2Glu), E9Q/ E194Q/E204Q (3Glu), and E9Q/E74Q/ E194Q/E204Q (4Glu) also causes global fluctuation motions at these loop regions as well as in the disorganized trimeric form (67). It turns out that these changes at the extracellular side do not strongly affect the protein dynamics as described above.
CONCLUSION AND IMPLICATION OF DYNAMIC PICTURES FOR OTHER MEMBRANE PROTEINS
We have found that several degrees of fluctuation motion, fast and slow motions, are present in bR in the 2D crystalline state, depending upon the particular sites of bR.
Well-resolved 13 C NMR spectra are fully visible at ambient temperature as far as 
